Dendritic voltage integration determines the transformation of synaptic inputs into output firing, while synaptic calcium integration drives plasticity mechanisms thought to underlie memory storage. Dendritic calcium integration has been shown to follow the same synaptic input-output relationship as dendritic voltage, but whether similar operations apply to neurons exhibiting sublinear voltage integration is unknown. We examined the properties and cellular mechanisms of these dendritic operations in cerebellar molecular layer interneurons using dendritic voltage and calcium imaging, in combination with synaptic stimulation or glutamate uncaging. We show that, while synaptic potentials summate sublinearly, concomitant dendritic calcium signals summate either linearly or supralinearly depending on the number of synapses activated. The supralinear dendritic calcium triggers a branch-specific, shortterm suppression of neurotransmitter release that alters the pattern of synaptic activation. Thus, differential voltage and calcium integration permits dynamic regulation of neuronal input-output transformations without altering intrinsic nonlinear integration mechanisms.
In Brief
Dendritic integration of synaptic potentials and calcium generally follows similar mathematical operations. Tran- Van-Minh et al. found that, in cerebellar interneuron dendrites, these operations diverge, with supralinear calcium changes driving dynamic regulation of neuronal computations without altering sublinear voltage integration.
INTRODUCTION
Understanding how a neuron transforms the spatio-temporal pattern of excitatory synaptic inputs into a neuronal output is fundamental to understanding information processing in the brain (Silver, 2010) . Non-linear integration of excitatory postsynaptic potentials (EPSPs) within the dendritic tree is thought to increase the computational abilities of single neurons Katz et al., 2009; Poirazi and Mel, 2001 ) and has been shown to play a fundamental role in neuronal computations, such as tuning the selectivity of pyramidal neuron firing to specific sensory features during behavioral tasks (Lavzin et al., 2012; Smith et al., 2013; Xu et al., 2012) . Nonlinear dendritic integration can be described by either sublinear or supralinear functions (dendritic operations) depending on whether the dendritic depolarization, evoked by concomitant activation of multiple synapses, is less or larger, respectively, than the arithmetic sum of individual EPSPs.
Linear voltage integration is often associated with the activation of small numbers of inputs (Losonczy and Magee, 2006) , the activation of inputs located onto separate dendritic compartments (Polsky et al., 2004) , or when summed nonlinear mechanisms are balanced (Cash and Yuste, 1999; Krueppel et al., 2011; Scott et al., 2010) . For a larger number of clustered synaptic inputs, activation of Na + channels, voltage-gated Ca 2+ channels (VGCCs), and/or NMDA receptors (NMDARs) often results in supralinear voltage integration (Branco and Hä usser, 2011; Larkum et al., 2009; Losonczy and Magee, 2006; Schiller et al., 2000) . Under such conditions, the dendritic intracellular [Ca 2+ ] changes also exhibit supralinear transformations (Harnett et al., 2013; Katona et al., 2011; Losonczy and Magee, 2006; Schiller et al., 2000) . These dendritic [Ca 2+ ] signals can in turn activate biochemical pathways that engage synaptic and branch-specific, long-term plasticity, a process that may underlie memory storage of correlated input activity (Cichon and Gan, 2015; Gordon et al., 2006; Losonczy et al., 2008; Makara et al., 2009; Makino and Malinow, 2011; Takahashi et al., 2012) . Sublinear dendritic operations, however, result from passive cable properties that cause large dendritic depolarization, resulting in decreased driving force for synaptic current (Abrahamsson et al., 2012; Rall, 1967; Vervaeke et al., 2012 ; Figure 1A ), or in some cases, from the activation of K + channels (Hu et al., 2010 ). Yet, how activityand Ca
2+
-dependent synaptic plasticity is triggered when synaptic integration is sublinear is not known.
In cerebellar stellate cells (SCs), a significant fraction of the Ca 2+ entry is mediated by Ca
-permeable AMPA receptors (AMPARs) (Soler-Llavina and Sabatini, 2006) , as for many other interneurons (Goldberg and Yuste, 2005; Matta et al., 2013) . Since synaptic voltage is integrated sublinearly in SCs in response to clustered synaptic activation (Abrahamsson et al., 2012) , one might predict that dendritic Ca 2+ entry would also be computed sublinearly. SC dendrites express VGCCs (Molineux et al., 2005) and NMDARs (Clark and Cull-Candy, 2002) , which are known to contribute to both supralinear voltage and Ca 2+ integration in other neurons (Branco and Hä usser, 2011; Katona et al., 2011; Losonczy and Magee, 2006) . However, EPSP integration is insensitive to VGCC and NMDAR antagonists and is therefore dictated predominantly by passive properties (Abrahamsson et al., 2012) . It is therefore surprising that, in SCs, NMDAR activation and dendritic Ca 2+ entry are necessary for synaptic activity-dependent changes in synaptic strength (Beierlein and Regehr, 2006) . How such synapse-evoked [Ca 2+ ] signaling can be reconciled with the sublinear voltage integration mechanisms is not understood. Conflicting findings have been described in cerebellar Golgi cells, where dendritic integration of EPSPs is passive and sublinear (Vervaeke et al., 2012) despite the presence of Na + and Ca 2+ channels (Rudolph et al., 2015) .
A recent study showed that parallel fibers (PFs), which form excitatory synaptic contacts onto SCs, fire in clustered patterns during sensory stimulation (Wilms and Hä usser, 2015) , arguing strongly that nonlinear SC dendritic integration could participate in information processing. In order to better understand how EPSPs and Ca 2+ are concomitantly integrated in thin dendrites of SCs, we used a combination of optical recordings of dendritic voltage and [Ca 2+ ], dendrite-targeted synaptic stimulation, glutamate uncaging, and modeling. Optical detection of local dendritic membrane potential revealed large local EPSPs (up to 50 mV) with ultrafast decay kinetics ($2 ms), properties that support passive sublinear operations. Uncaging input-output relationships indicated that sublinear voltage integration is associated with either linear or nonlinear dendritic [Ca 2+ ] integration depending on the number and strength of activated synapses. Although dendritic NMDARs and VGCCs are responsible for supralinear Ca 2+ entry, the Ca 2+ current density is too low to contribute to dendrite depolarization, thus accounting for the divergent dendritic operations. We also show that the supralinear [Ca 2+ ] is sufficient to induce a powerful endocannabinoidmediated, branch-specific modification of the spatial pattern of neurotransmitter release for a given input activity pattern. Thus, opposing synaptic decoding strategies for dendritic voltage and [Ca 2+ ] integration support a dynamic modulation of neuronal computations without altering intrinsic voltage integration mechanisms of the dendrites.
RESULTS

Dendrites of SCs Exhibit Fast, Large-Amplitude Local EPSPs
We first examined the mechanisms determining sublinear voltage integration in SCs. The progressive increase in input impedance of tapering and/or narrow diameter dendrites results in EPSPs at the site of synaptic input (local EPSP) that increase in amplitude with increasing distance from the soma and thus are more likely to recruit voltage-dependent nonlinear mechanisms (Nevian et al., 2007; Weber et al., 2016; Williams and Stuart, 2003) . However, their recruitment could be limited by the rapid Figure S1 .
decay of local EPSPs (Schmidt-Hieber et al., 2007; Williams and Stuart, 2003) . These phenomena could account for the robust sublinear integration of synchronous EPSPs in SCs, which does not depend on activation of voltage-dependent channels (Abrahamsson et al., 2012) . To test this hypothesis, we performed two-photon line-scan imaging of the two-component voltage dye DiOC 16 (3)/dipicrylamine (DiO/DPA) (Bradley et al., 2009; Fink et al., 2012) in acute cerebellar slices ( Figures  1B-1D ). EPSPs were evoked by focal extracellular stimulation of PFs (see Supplemental Information). Both fluorescence and electrical responses were blocked by the AMPAR-specific antagonist NBQX (Figures S1A-S1C). DiO/DPA fluorescence transients were then converted to voltage traces using a test pulse and voltage versus fluorescence calibration (Figures S1D and S1E; Supplemental Experimental Procedures).
In current clamp (CC), we found that the release of $4 quanta (4.4 ± 0.7; see Supplemental Information) induced large-amplitude local dendritic EPSPs (Figures 1B and 1C ; on average, 32.9 ± 3.2 mV, n = 13 dendrites from 11 cells, at 43 ± 4 mm from the soma). Similar peak amplitudes were recorded at the same location in voltage clamp (VC; Figure 1D ; 33.8 ± 3.7 mV, p = 0.84, paired), consistent with a local voltage escape due to a slow VC response (Figures S1B and S1C; t clamp = 2.9 ± 0.3 ms, n = 36 dendritic locations from 32 cells). In VC, dendritic EPSP amplitudes increased with increasing distance from the soma ( Figure 1E ), as predicted by simulations using a passive SC model (Abrahamsson et al., 2012) .
The decay of the local dendritic EPSPs was much faster than somatic EPSPs ( Figures 1B-1D ) and could be fit by two time constants in CC (t 1 = 1.8 ± 0.2 ms, 81% ± 2.6% and t 2 = 29.0 ± 6.9 ms, n = 13). In VC, the local EPSP decay could be described by a single exponent (t 1 = 2.1 ± 0.3 ms, n = 29 dendrites from 27 cells; Figures S1F and S1G), consistent with local voltage escape for the first few milliseconds. These results are well predicted by a passive SC model (Figures S1H-S1K). Moreover, the small relative amplitude of the slow decay component in the CC recordings produced little temporal summation of dendritic voltage in response to 50 Hz train stimulations ( Figures 1C  and 1D ). This rapid local EPSP decay (half-width = 2.7 ± 0.3 ms, n = 13) is 10-fold faster than the SC membrane time constant (t m = 17.1 ms; Abrahamsson et al., 2012) and much faster than the decay of dendritic EPSPs recorded using dendritic patch clamp in other neurons, such as layer 5 pyramidal neurons (half-width = 8.4 ms; Stuart and Sakmann, 1995) . Thus, the large local EPSPs in SCs are well suited to reduce the synaptic current driving force ( Figure 1A ) for synchronous synaptic inputs, while their fast decay times limit the accumulation of depolarization even during high-frequency trains.
Spatial Propagation of Dendritic EPSP in SC Dendrites
We previously showed that sublinear interactions can be observed for inputs as far as 20 mm apart (Abrahamsson et al., 2012) , suggesting that significantly large voltage deviations might propagate extensively throughout the dendritic branch distal from the site of synaptic activation. We therefore examined the distribution of voltage and Ca 2+ within a single dendrite following focal stimulation of PFs using DiO/DPA and the redshifted Ca 2+ indicator XRhod-5F (Figures 2A-2D ). We used the dendritic Ca 2+ transient to indicate synapse location, as it is restricted to within a few microns of the activated synapse (Soler-Llavina and Sabatini, 2006) . In response to a single presynaptic stimulus, [Ca 2+ ] changes were indeed constrained within micron-wide domains in the vicinity of activated synapses ( Figures 2B and 2C) . The dendritic EPSPs, on the other hand, were large enough (>10 mV) to be optically detectable over distances covering several tens of microns ( Figures 2B and 2C) . The spatial distribution of dendritic voltage displayed a strong asymmetry relative to the stimulus location, with little decrement in the peak amplitude toward the tip of the dendrite and a steep gradient toward the soma ( Figures 2C and 2D ). This asymmetry was well predicted by ball-and-stick simulations ( Figure 2E ) and thus consistent with the end effect of a sealed cable ( Figure S2 ; Rall, 1969 (Branco and Hä usser, 2011; Losonczy and Magee, 2006 ] achieved with all blockers. From a V h of À60 mV, VGCC antagonists produced a near-maximal inhibition of the [Ca 2+ ] supralinearity for two and three co-activated inputs but only a partial inhibition for four or more co-active inputs. These data suggest that, for a few uncaging locations, the supralinear [Ca 2+ ] integration is mediated largely by Ca v 1-and Ca v 3-type VGCCs (Figures 3J and 3K) , whereas for many locations, supralinear [Ca 2+ ] integration is also mediated by NMDARs. Because the NMDAR antagonist (AP5) alone was sufficient to completely block the supralinear dendritic [Ca 2+ ] regardless of the number of co-activated inputs ( Figures 3J and 3K ), we conclude that NMDARs provide a depolarization boost that facilitates VGCC activation. Indeed, we found that the half-width of individual and compound uEPSPs was modestly reduced in the presence of AP5 (by 19.6% ± 1.5% for uEPSPs and 28.2% ± 7.2% for compound uEPSPs; Figures S3F and S3G). Synaptic voltage integration, however, was insensitive to VGCC or NMDAR antagonists ( Figure 3I ). Thus, in SC dendrites, while synapse-evoked voltage integration is sublinear, synapse-evoked [Ca 2+ ] integration can be concomitantly supralinear.
AMPAR-Mediated Ca 2+ Entry Linearly Reports Synaptic Conductance
In the sI/O relationships performed from V h = À60 mV, it was difficult to assess whether the linear [Ca 2+ ] integration was indeed associated with sublinear voltage integration. We therefore performed synaptic stimulation to examine whether sublinear voltage and linear [Ca 2+ ] integration is a prominent integration regime. Since the excitatory postsynaptic current (EPSC) paired-pulse ratio (PPR EPSC ) can be used as an indicator of sublinear integration (see Abrahamsson et al., 2012 ; Supplemental Information), we compared it to the simultaneously recorded PPR of the Ca 2+ transient peaks (PPR Ca ). Because the Ca 2+ reversal potential (E Ca > +80 mV) is more depolarized than the reversal of the total synaptic current (E syn = 0 mV), we hypothesized that a given synaptic depolarization would have a smaller effect on the driving force for Ca 2+ influx than for the total synaptic current ( Figure 4A ), and thus synapse-evoked [Ca 2+ ] would better represent the true synaptic conductance ratio (PPR gsyn ).
Using 2PLSM line-scan imaging of dendritic [Ca 2+ ] and the lowaffinity Ca 2+ indicator OGB-5N, we observed that PPR Ca was indeed significantly larger than the somatic PPR EPSC (PPR Ca = 1.83 ± 0.11 versus PPR EPSC = 1.31 ± 0.06, n = 12, p = 0.001, paired; Figures 4B-4E), closer to the estimated PPR gsyn . The PPR Ca was preserved even when the SC membrane potential was set close to E syn and the EPSC amplitude was nearly zero (Figures 4F and 4G) . These results, in addition to pharmacological experiments ( Figure S4 ), confirm that the PPR Ca is exclusively determined by activation of CP-AMPARs. The larger PPR Ca supports our hypothesis that reversal potential differences can underlie the different integration mechanisms between voltage and [Ca 2+ ]. Indeed, numerical simulations confirm that the difference between E syn and E Ca can account for the nearly linear report of synaptic conductances by dendritic [Ca 2+ ], provided that the Ca 2+ permeability of AMPARs is low relative to the total ionic current ( Figure 4H ). Taken together, our findings suggest that, unlike synaptic currents and dendritic voltage, the Ca 2+ entry through AMPARs is a more linear representation of the synaptic conductance and can account for the linear regime of the sI/O relationship for dendritic [Ca 2+ ] integration. ]. This difference was not affected by the NMDAR (I-K) Effect of VGCC or NMDAR antagonists on the average subthreshold input/output relationships for uEPSP (I), for the integral of Ca 2+ transients as a function of EPSP amplitude (J), or for the integral of Ca 2+ as a function of the number of photolysis sites (K) (control, n = 9 cells, blue, 50 mM AP5, n = 12, at 51 ± 21 mm from soma, dark gray, 5 mM Nifedipine, n = 6, light gray, at 44 ± 8 mm from soma, 5 mM TTA-P2, n = 6, at 51 ± 11 mm from soma, light blue, AP5 + TTA-P2 + Nifedipine, n = 5, at 50 ± 9 mm from soma, purple). Error bars represent ±SEM. See also Figure S3 .
antagonist AP5 (50 mM; Figures 5D, S5B , and S5D), suggesting that NMDARs do not contribute to dendritic [Ca 2+ ] under these conditions. 5 mM Nifedipine, a Ca v 1 channel blocker, strongly reduced the nonlinear increase of the Ca 2+ transient, while the selective Ca v 3 blocker TTA-P2 had little effect on synapseevoked [Ca 2+ ] transients at V h = À50 mV (5 mM; Figures 5D,  S5C , S5D, and S5F). Moreover, increasing EGTA concentration in the pipette did not alter the relative increase in the peak Ca 2+ transient at V h = À50 mV, consistent with a supralinear increase in Ca 2+ entry ( Figures S5E and S5F) and not endogenous calcium buffer saturation. These results show that dendritic Ca v 1 channels can be recruited by synaptic activation provided that the dendrite is sufficiently depolarized. The lack of effect of TTA-P2 is not surprising, as Ca v 3 channels are likely desensitized at depolarized potentials. It is also interesting to note that synapse-evoked Ca 2+ transients had a broader spatial distribution when holding at À50 mV (30% width was 126% ± 10% wider than at V h = À90 mV, n = 16 cells; Figures 5E and 5F ), suggesting that activated VGCCs are more broadly distributed along SC dendrites than activated AMPARs. -permeable AMPARs activated at the soma or at 47 mm from the soma in a model dendritic morphology with three dendrites displaying, respectively, 0, 2, or 4 branch orders. The total conductance ratio of the peak amplitude of the pair was 2.25. AMPA receptors with a high Ca 2+ permeability had a P Ca /P Na,K of 2.3, while those with a low Ca 2+ permeability had a P Ca /P Na,K of 0.05 (GluA1/GluA2 versus GluA1 from Burnashev et al., 1996) . The reversal potential for Ca 2+ (E ca ) was set at either +50 mV (open circles) or +100 mV (closed circles). Error bars represent variation in simulation result when changing R i value ± 50 U 3 cm. Box plots represent quartiles (minimum, 25%; median, 75%; and maximum values). See also Figure S4 .
To examine whether this recruitment of VGCCs contributes to local dendritic depolarization, we measured dendritic EPSPs evoked by synaptic train stimuli at 50 Hz and 200 Hz, recorded in VC when holding at À50 or À90 mV. The time course of the dendritic local voltage transients were nearly identical at both V h (Figures 5G-5I) . The local EPSPs remained fast even when stimulating a larger number of inputs in CC ( Figure S6 ). Thus, recruitment of VGCCs was not associated with a regenerative spike-like depolarization, as reported in hippocampal fastspiking interneurons (Chiovini et al., 2014 Figure S5F ). However, alone they produced a 14.2% ± 4.1% reduction of the peak Ca 2+ transient ( Figures S5F and S5H ), approximately half of the AP5-induced reduction. Thus, with long, high-frequency synaptic stimulation, NMDAR activation can both boost the membrane depolarization to facilitate VGCC activation and contribute to dendritic Ca 2+ entry, as observed in sI/O experiments (V h = À60 mV; Figure 3K ). drive SSE. We therefore tested whether the same 20 stimuli at 100 Hz protocol from Figure S5 could induce SSE in mature SCs (P31-P55). Baseline EPSCs were evoked from a small number of synaptic contacts at 0.5 Hz to minimize EPSC amplitude errors due to large local depolarizations (Figures 6A and 6B; ''test'' electrode 1). SSE induction was elicited with a train of synaptic stimuli delivered in CC mode using a second, larger electrode ( Figure 6A ; electrode 2). The SSE induction protocol consistently induced a rapid short-term reduction in EPSCs amplitudes (48% ± 3% of baseline at 4 s after induction; n = 67 dendrites from 66 cells) that recovered to pre-burst amplitudes within $20 s (t 1/2 = 11 s; Figure 6C ). This synaptic plasticity was consistent with a dependence on endocannabinoid release since washing in 5 mM of the CB1 receptor inverse agonist AM251 completely blocked the SSE (113% ± 9% of baseline, n = 6). SSE was also partially blocked by 50 mM AP5 (85% ± 6% of baseline, n = 10), a combination of 50 mM AP5 and 5 mM TTA-P2 (92% ± 5% of baseline, n = 10), and a combination of the Ca V 1-and Ca V 3-type VGCC antagonists (5 mM Nifedipine and 5 mM TTA-P2; 85% ± 6% of baseline, n = 11), but not by 5 mM TTA-P2 alone (63% ± 8% of baseline, n = 10) ( Figures 6D and 6E) . Overall, these data indicate that local synaptic activation of NMDARs and VGCCs is required for SSE induction, suggesting that supralinear dendritic [Ca 2+ ] integration is critical for a local and dynamic regulation of synaptic strength.
Heterosynaptic Suppression by SSE within 10 mm of Activated Synapses Endocannabinoid release can affect neighboring cells following a 5-s-long depolarization of the postsynaptic cell (Kreitzer et al., 2002; Wilson and Nicoll, 2001 ). However, the spatial spread of endocannabinoid-mediated retrograde inhibition has not been characterized for brief, physiologically relevant SSE protocols. We characterized the spatial and temporal effect of SSE following activation of neighboring synaptic contacts within single dendrites. The SSE induction electrode (electrode 2) was positioned at a fixed location and the ''test'' electrode (electrode 1) was moved successively to several locations on the same dendrite to probe the spatial extent of SSE (Figures 7A  and 7C ; n = 5-9 recordings at each location from 11 cells). After SSE induction, EPSC amplitude reduction was maximal when electrode 1 was located near the induction site (43% ± 7% of baseline 4 s after induction, n = 9 locations). EPSCs were reduced to 68% ± 11% of baseline (n = 9) for inputs located at a radial distance of 5 mm from the induction site, and SSE was absent 10 mm from the induction site (99% ± 8% of baseline, n = 7; Figures 7C and 7D) . We next examined whether SSE could influence synaptic strength onto neighboring unstimulated dendrites. We first ensured that each electrode stimulated only one dendrite using [Ca 2+ ] imaging following 50 Hz paired-pulse stimulation. We observed that, 4 s after induction, SSE was observed at synapses on neighboring branches (Figures 7B  and 7C ; EPSC amplitude 43% ± 13% of baseline for synapses 5-7 mm away from electrode 2, n = 4). These data indicate that SSE can regulate synaptic transmission at any PF synapse located within a radius of 5 mm from the stimulation site after a high-frequency stimulus train, even for those impinging on unstimulated dendritic branches. Taken together, supralinear dendritic [Ca 2+ ] integration within a single dendritic branch can induce both a local homo-and heterosynaptic short-term suppression of synaptic strength.
DISCUSSION
The biophysical properties of dendrites are critical for shaping the integration of both electrical and biochemical signals following specific spatio-temporal patterns of synaptic activation. Here we performed voltage and [Ca 2+ ] imaging on SC dendrites, combined with electrical synaptic stimulation or glutamate uncaging, and demonstrated that the activation of clustered synaptic inputs onto SC dendrites engages different operations: a sublinear integration of EPSPs, which occurs concomitantly with either linear or supralinear integration of dendritic [Ca 2+ ]. We also show that supralinear [Ca 2+ ] operations within a single dendritic branch can drive a short-term depression of synaptic vesicle release mediated by endocannabinoids, suggesting that the supralinear biochemical signal supports local regulation of synaptic activity.
Mechanism Underlying Large and Fast Local Synaptic Depolarizations
Using optical recordings of dendritic EPSPs with the voltage indicator DiO/DPA, we performed the first direct measurements of local dendritic EPSPs in interneurons (Figure 1) . One shortcoming of this strategy is the increased capacitance caused by DPA (Bradley et al., 2009 ). Although we estimated that 2 mM DPA increased the cell capacitance by $60% in SCs (see Supplemental Experimental Procedures), numerical simulations predicted little alteration (<20%) in the fast decay of the local EPSP ( Figures S1H-S1K ). This modest effect is not predicted from the membrane time constant, as the dendritic voltage response time course for a point conductance in a cable has a non-linear relationship with specific membrane capacitance (C m ) (See section 3.6.3 in Koch, 1999) . Another caveat is that DiO has been shown to broaden APs in some cells (Fink et al., 2012) , possibly through blocking a voltage-gated potassium channel. Although we previously observed little evidence of an impact of K + channels on voltage integration (Abrahamsson et al., 2012) , we cannot rule out the possibility that the true local EPSP may be even faster if K + channels participate in the dendritic repolarization as observed in hippocampal basket cells (Hu et al., 2010) . Hence, because the passive model simulations predict well the (E) Summary plot of antagonist effects on EPSC evoked 4 s after SSE induction. SSE is blocked in the presence of 5 mM AM251 (p = 0.031, paired, n = 6 cells, electrode location 58 ± 16 mm from soma) and reduced in 50 mM AP5 (p = 0.048, paired, n = 10, at 64 ± 18 mm from soma) and not in 5 mM TTA-P2 (p = 0.275, paired, n = 10, at 55 ± 18 mm from soma). SSE was also reduced by addition of a combination of 50 mM AP5 and 5 mM TTA-P2 (p = 0.002, paired, n = 11, at 60 ± 10 mm from soma) and of 5 mM TTA-P2 and 5 mM Nifedipine (p = 0.029, paired, n = 14, at 55 ± 9 mm from soma). Error bars indicate mean ± SEM. Box plots represent quartiles (minimum, 25%; median, 75%; and maximum values). See also Figure S6 .
amplitude and time course of the measured local dendritic EPSPs, and the small effect of DPA on its amplitude and time course, we conclude that our optical measurement provides an accurate and unprecedented insight into the local membrane potential dynamics in thin dendrites. We found that extracellular stimulation of approximately four PF-SC synapses produces large-amplitude local EPSPs that are on average 35 mV at $40 mm away from the soma, sufficient to substantially reduce the synaptic current driving force, resulting in a sublinear readout of the underlying conductance (Abrahamsson et al., 2012) . More surprising was the fast decay of the local EPSP ($2 ms), much faster than the membrane time constant (17 ms; Abrahamsson et al., 2012) . This is likely due to charge redistribution away from the high-impedance dendritic compartment containing the synaptic input. Charge redistribution is not unique to SCs but is a general property of cable models of dendrites (Roth and Hä usser, 2001; Schmidt-Hieber et al., 2007) . Therefore, one would expect to observe fast decay time constants in other interneurons that have dendrite diameters <1 mm (Emri et al., 2001) , as well as in distal dendritic compartments of pyramidal cells (Nevian et al., 2007) .
The physiological implication of large local EPSPs is that voltage-dependent nonlinear mechanisms would be more easily recruited. In the case of sublinear integration, the local EPSP time course directly determines the alteration in driving force (ε) as a function of time (ε(t) = E syn À EPSP(t)) (Abrahamsson et al., 2012) . The fast decay ensures that only coincident inputs experience sublinear summation and minimizes temporal summation and accumulation of local voltage during brief trains. Thus, an additional depolarization is necessary to engage VGCCs (Figures 5 and S5) . Extrasynaptic NMDAR activation due to glutamate pooling following burst synaptic stimulation ( Figure S5 ) or glutamate uncaging (Figure 3 ) can provide this depolarization boost. Indeed, the steady-state dendritic membrane potential during 10 stimuli at 50 Hz was $20 mV ( Figure S6D ), potentially sufficient to facilitate activation of VGCCs.
Mechanisms Supporting Differential Dendritic Voltage and [Ca 2+ ] Integration
Synapse-and uncaging-evoked experiments revealed that sublinear voltage integration is observed simultaneously with either linear or supralinear [Ca 2+ ] integration and can be explained by a difference in reversal potential between Ca 2+ and that of the total AMPAR-mediated synaptic current ( Figures 4A and 4H ). This coexistence of supralinear [Ca 2+ ] integration and sublinear voltage integration ( Figures 3I-3K ) is unprecedented, since in most other neurons, [Ca 2+ ] integration closely follows voltage integration (Branco and Hä usser, 2011; Harnett et al., 2013; Katona et al., 2011; Losonczy and Magee, 2006; Schiller et al., 1997) . Indeed, we were surprised that we did not detect membrane depolarization (or regenerative spikes) as a result of VGCC activation (Figures 5G-5I ). Additionally, we did not observe an effect of NMDAR or VGCC blockade on voltage integration ( Figure 3I ). The most parsimonious explanation for the divergence between [Ca 2+ ] and voltage integration is that the low Ca 2+ current density is not sufficient to affect the local voltage but is sufficient to produce large [Ca 2+ ] changes in the small volume of the thin dendritic compartment. This is consistent with a previous finding that T-type (Ca v 3) and highvoltage-activated (HVA) (Ca v 1) VGCCs are present at a low density in SC dendrites (Molineux et al., 2005) . Indeed, we estimated that the Ca 2+ charge corresponding to MNI-glutamate activation of six neighboring dendritic sites represents an exceedingly small fraction ($1/5,000) of the total synaptic charge transfer (see Supplemental Experimental Procedures). Low Ca 2+ current densities and small-volume compartments could also account for a recent finding showing that single spines can experience a cooperative increase in [Ca 2+ ] without influencing dendritic voltage integration (Weber et al., 2016) . In contrast, cerebellar Golgi cells, which also exhibit sublinear dendritic voltage integration (Vervaeke et al., 2012) , express VGCCs that contribute to boosting of somatically recorded EPSPs (Rudolph et al., 2015) . Therefore, specific channel expression and density, in combination with different dendritic morphologies, permit differential tuning of synapse-evoked electrical and biochemical integration within dendrites. Figure 8A ; Beierlein and Regehr, 2006; SolerLlavina and Sabatini, 2006) , similar to the induction of different forms of long-term plasticity in CA1 fast-spiking interneurons, depending on dendritic [Ca 2+ ] levels (Camiré and Topolnik, 2014) . Sustained, low-frequency stimulation (<50 Hz) of PF-SC synapses uses linear dendritic Ca 2+ entry through CP-AMPAR (Figure 4 ) to trigger a synapse-specific and NMDAR-independent long-term depression (LTD) (Soler-Llavina and Sabatini, 2006) . Unlike the sublinear integration of voltage, the Ca 2+ entry provides a more accurate indicator of synaptic activity, ideal for regulation of neurotransmitter release over long timescales (Figure 8B, top) . On the other hand, because both supralinear [Ca 2+ ] integration (Figures 3J and 3K) and SSE ( Figures 6D and 6E ) require NMDARs and VGCCs, we conclude that supralinear [Ca 2+ ] not only drives a local negative feedback mechanism, but it also dynamically suppresses neurotransmitter release onto neighboring synapses ( Figure 8B, bottom) . Taken together, linear and supralinear dendritic [Ca 2+ ] integration provide cellular sustained, low-frequency synaptic inputs triggers long-term plasticity of synaptic weights at all active synapses (inputs 1, blue). Those inputs that are inactive or receive lower frequency activity remain unaltered (e.g., inputs 2, green). Bottom: supralinear Ca 2+ entry mediated by high-frequency bursts of inputs transiently suppresses synaptic vesicle release probability within 10 mm of spatially clustered inputs (red and green inputs within magenta circle).
substrates for differential regulation of synaptic plasticity lasting for either seconds or hours.
Physiological Recruitment of Nonlinear Dendritic Operations
How do synaptic activation patterns that trigger nonlinear dendritic voltage and calcium integration in SCs compare with the spatio-temporal activity of PFs in response to behavioral stimuli? Sublinear integration requires coincident synaptic activation within a time window of less than 5 ms but can occur over long (>20 mm) distances within a single dendrite (Abrahamsson et al., 2012; Figure 2) . A stricter spatial criterion is required for the recruitment of supralinear [Ca 2+ ] entry and associated SSE: either two or three uncaging locations separated by 3-4 mm (Figure 3H) or high-frequency activation of spatially correlated synaptic inputs. A recent in vivo imaging study estimated that perioral air puffs can activate neighboring PF boutons as close as $2 mm (Wilms and Hä usser, 2015) , supporting the notion that sensory stimulation can recruit nonlinear dendritic operations for both voltage and [Ca 2+ ] in SCs. High-frequency activation of PF inputs (up to 250 Hz) has been observed in response to whisker, perioral stimulation, or skin stimulation of the forelimbs, which evoked high-frequency bursts of firing in granule cells (Bengtsson and Jö rntell, 2009; Chadderton et al., 2004; van Beugen et al., 2013 ] signals using different integration strategies ( Figure 8A ): EPSPs are integrated sublinearly favoring sparse pattern detection (Abrahamsson et al., 2012; Cazé et al., 2013) , while linear and supralinear [Ca 2+ ] differentially modulate synaptic strength. What are the consequences of different types of Ca 2+ -dependent synaptic plasticities on the neuronal computation of SCs?
Neuronal computations, the transformation of input to output spiking activity, are dictated by a combination of dendritic, synaptic, and spiking properties (Stuart and Spruston, 2015; Tran-Van-Minh et al., 2015) . Dendritic integration is influenced by morphology, the passive electrical properties of the cell membrane, ion channel types, and their distribution. The unique combination of these parameters condition the type of nonlinear integration a dendrite can perform (i.e., linear, sublinear, or supralinear). The synaptic activation pattern within the dendritic tree (i.e., location, density, and timing of activated synapses), along with the postsynaptic efficacy (i.e., quantal size), will influence the recruitment of nonlinear mechanisms. Thus, it is the combination of intrinsic dendritic mechanisms and synaptic properties that determines the dendritic operation, i.e., the function describing the sI/O relationship (e.g., Figure 8A , top). Finally, the neuronal computation is determined by these dendritic operations, in addition to the neuron's spiking properties. In this context, both SSE and LTD can alter neuronal computations because modifications of synaptic vesicle release probability alter the synaptic activation pattern. This contrasts with activity-dependent regulation of neuronal computations that requires direct modification of intrinsic dendritic mechanisms (Losonczy et al., 2008) .
LTD and SSE will result in different alterations in the synaptic activation pattern, thus resulting in different modifications of neuronal computations. LTD at the PF-SC synapse is synapse specific, frequency dependent, and insensitive to activity from neighboring synapses (Soler-Llavina and Sabatini, 2006) . Thus, all inputs carrying a specific feature are subject to synaptic weight adjustments for tens of minutes to hours ( Figure 8B, top) . This mechanism could be a strategy to maintain sparse synaptic activation patterns that optimize information storage, as has been proposed for Purkinje cells (Brunel et al., 2004) . SSE is also frequency dependent but requires clustered activation of neighboring synapses (Figures 6 and 8) , thus resulting in a transient reduction of synaptic weight of all synapses within a 5-10 mm radius from the induction site (Figure 7 ). Whereas LTD acts to tune synaptic strength according to a synapse's individual activity, SSE may play an important role in regulating synaptic strength of highly active clusters of synapses. At the circuit level, SSEinduced modifications of the neuronal computation could be used to dynamically regulate SC excitation for specific granule cell activity patterns, thus reducing feed-forward inhibition of Purkinje cells and selectively enhancing their activity activated by the same inputs. Such a circuit mechanism could help transform specific spatial-temporal PF activity into a finely tuned temporal pattern of Purkinje cell simple spikes (De Zeeuw et al., 2011) , which is important for learned motor behaviors (Wulff et al., 2009 ).
EXPERIMENTAL PROCEDURES Slice Preparation and Electrophysiology
Animal experiments were performed in accordance with the guidelines of Institut Pasteur, France, and all protocols were approved by the ethics committee CEEA-Ile de France-Paris 1. Whole-cell patch-clamp recordings were performed from SCs (33 C-36 C) located in the outer third of the molecular layer of acute parasagittal slices (200 mm thick) of cerebellar vermis prepared from P31-P67 mice. Unless otherwise stated, the external solution included 10 mM SR-95531 to block GABA A receptors.
Transmitted Light and Fluorescence Imaging
Simultaneous two-photon fluorescence and Dodt contrast imaging were used to position extracellular stimulating electrodes along spatially isolated dendrites of Alexa-594-filled SCs. A pulsed Ti:Sapphire laser (DeepSee, Spectra-Physics) beam was scanned on the preparation using an Ultima microscope (Bruker Fluorescence Microscopy) mounted on an Olympus BX61WI microscope and equipped with a 603 (1.1 NA) water-immersion objective. We monitored intracellular [Ca 2+ ] changes at 810 or 840 nm using Oregon green BAPTA-5N (300 mM), Fluo-5F (200 mM), or XRhod-5F (200 mM). Dendritic voltage changes were monitored at 920 nm using wholecell loading of DiO and bath application of 2 mM DPA.
Modeling
Passive cable simulations using an idealized SC model were performed within the Neuron 7.1 and 7.3 simulation environment. Morphology values were set to represent average SC morphometric parameters: a soma diameter of 9 mm and three 100 mm dendrites (0.4 mm diameter), each with one to five branches. C m was set to 0.9 mF/cm 2 , and specific membrane resistance (R m ) was set to 20,000 cm 2 to match experimentally determined membrane time constant of 17.7 ms. Specific internal resistivity (R i ) was set to 150 U 3 cm. The amplitude and kinetics of the synaptic conductance (g syn ) was set to reproduce experimentally recorded quantal and evoked EPSCs for somatic synapses (see Abrahamsson et al., 2012) .
Glutamate Uncaging MNI-glutamate (Tocris Bioscience) was locally perfused at a steady-state concentration of 20 mM via a perfusion pipette ($4-6 mm tip diameter) placed within 15-20 mm of a dendrite. The outputs of two Ti:Sapphire (DeepSee, Spectra-Physics) lasers were independently modulated to combine uncaging of MNI-glutamate and intracellular [Ca 2+ ] imaging. The preparation was illuminated through a second set of galvanometer-based scan mirrors, allowing independent and rapid positioning of the photolysis beam.
Data Analysis
Data are presented as average ± SEM unless otherwise indicated. Statistical tests were performed using a non-parametric Wilcoxon-Mann-Whitney twosample rank test for unpaired, a Wilcoxon signed-rank test for paired comparisons, and a Kruskal-Wallis test followed by Dunn's post hoc test for multiple comparisons. Linear correlations were determined using a Pearson test. 
